ABSTRACT Spinach (Spinacia oleracea) plants were subjected to salt stress by adding NaCl to the nutrient solution in increments of 25 millimolar per day to a final concentration of 200 millimolar. Plants were harvested 3 weeks after starting NaCI treatment. Fresh and dry weight of both shoots and roots was decreased more than 50% compared to control plants but the salt-stressed plants appeared healthy and were still actively growing. The salt-stressed plants had much thicker leaves. The salt-treated plants osmotically adjusted to maintain leaf turgor. Leaf K' was decreased but Na' and C-were greatly increased.
saturating CO2 to overcome any stomatal limitation. Photosynthesis of salt-stressed plants varied only by about 10% from the controls when expressed on a leaf area or chlorophyll basis. The yield of variable chlorophyll a fluorescence from leaves was not affected by salt stress. Stomatal conductance decreased 70% in response to salt treatment.
Uncoupled rates of electron transport by isolated intact chloroplasts and by thylakoids were only 10 to 20% below those for control plants.
C02-dependent 02 evolution was decreased by 20% in chloroplasts isolated from salt-stressed plants. The concentration of K' in the chloroplast decreased by 50% in the salt-stressed plants, Na' increased by 70%, and C1 increased by less than 20% despite large increases in leaf Na' and C1l.
It is concluded that, for spinach, salt stress does not result in any major decrease in the photosynthetic potential of the leaf. Actual photosynthesis by the plant may be reduced by other factors such as decreased stomatal conductance and decreased leaf area. Effective compartmentation of ions within the cell may prevent the accumulation of inhibitory levels of Na' and Cl-in the chloroplast.
The growth ofplants is ultimately reduced by salinity although species vary in the salt concentration they can tolerate before growth is impaired (7, 10, 16) . The reduction in growth is often accompanied by decreased rates of photosynthesis but the extent of this decrease depends on the concentration and type of salt, the manner in which the stress is imposed, and the relative sensitivity of the species tested (5, 7, 8, 10, 15) . In a number of instances, the factors responsible for the reduction in photosynthesis have been investigated, but no clear pattern of inhibition has emerged. Many studies have concluded that the decline of photosynthesis in response to increased salinity is to some extent the result ofdecreased stomatal conductance. However, in several instances, decreased mesophyll conductance has also been ob- ' Partial financial support was provided by the Australian Dried Fruits
Research Committee.
served suggesting inhibition of photosynthesis at the biochemical level (5, 8, 15) . To identify steps in the photosynthetic pathway which are susceptible to salt stress requires investigation of component processes at the subcellular level. Photochemical reactions of isolated thylakoids (2, 24) and the activity of ribulose-1,5-bisP carboxylase (18) both have been shown to be inhibited by high concentrations of NaCl in vitro. However, there is little information on compartmentation of ions in higher plant cells and it is not yet clear whether such high levels of NaCl accumulate in the chloroplasts of salt-stressed plants.
In the present study, we have measured the ionic composition of leaves and intact isolated chloroplasts of salt-stressed spinach plants in relation to their photosynthetic properties. The results suggest that the compartmentation of ions within the cell prevents the accumulation of inhibitory levels of NaCl in the chloroplast and that photosynthetic potential is not significantly reduced by salinity. (19) .
MATERIALS AND METHODS

Growth of
Leaf photosynthesis was measured in saturating CO2 using a leafdisc 02 electrode (4). The light intensity was 400 ,E * m 2 s-' (PAR).
Chloroplast Isolation. Intact chloroplasts were isolated by a modification of previous methods (21, 23) using solutions free of K+, Na+, and Cl-. All procedures were carried out at OC. Leaves (50 g) were ground for 3 s in a Polytron blender with 200 ml of 330 mm sorbitol, 30 mm Mes, 2 mM ascorbate, and 0.1% BSA adjusted to pH 6.5 with Tris. The brei was squeezed through a double layer of Miracloth containing a layer of cotton wool and the filtrate was centrifuged at 1200g for 1 min. The pellets were resuspended in 6 ml of 330 mm sorbitol, 30 mM Hepes, and 0.2% BSA adjusted to pH 7.6 with Tris. The chloroplasts were placed in two centrifuge tubes and each was underlayered with 4 ml of resuspension medium plus 40% (v/v) Percoll. The tubes were centrifuged at 1200g for 1 min and then the supernatant was aspirated and the pellets resuspended in the above medium.
02 evolution was measured polarographically with Hansatech 02 electrodes. The basic assay medium was 330 mm sorbitol, 2 mM EDTA, 1 mm MnCl2, 1 mM MgC92, 50 mm Hepes-KOH, pH 7.6. The percentage of intact chloroplasts was determined by measuring 02 evolution with FeCN2 before and after osmotic shock (14) . The rate of electron transport from water to MV was determined with intact chloroplasts (15 Mug Chlml-') plus 0.1 mM MV, 0.5 mm KCN, and 10 mm NH4C1. Electron transport from water to FeCN was measured with osmotically shocked chloroplasts (15 Mg Chl-ml-') plus 10 mM DL-glyceraldehyde, 1 mM FeCN, and 10 mm NH4Cl. C02-dependent 02 evolution was measured with intact chloroplasts (40 MAg Chlml-') plus 4 mm NaHCO3, 0.2 mM Pi, and 1000 units-ml' catalase. Where indicated, 5 mm PPi or 2 mm PGA was also included in the assay medium.
The volume of the chloroplast stroma was determined as the sorbitol-impermeable water space (1 1). Intact chloroplasts were added to the assay medium with 3H20 (2.5 MCi-ml-') and ['4C] sorbitol (0.3 MCiml-') to give a Chl concentration of 50 Mg. ml-'. After 30 s, 200 MA of the chloroplast suspension was added to a 0.4-ml centrifuge tube which contained 20 MAI 1 N HC104 overlayered with 75 MA silicone oil (Wacker, AR180). The tubes were centrifuged and the radioactivity in the pellet and supernatant fractions was determined by liquid scintillation spectrometry.
Unless stated otherwise, all measurements reported were made at 20C. The data in Tables I to IV represent In other respects, the plants looked healthy with no visible necrosis or leaf burn symptoms and were still actively growing. Both the fresh and dry weights of shoots were only 30% of the control plants whereas the weight ofroots was 50% ofthe control (Table I) . Because of the greater depression in shoot growth the shoot:root ratio was lower for the plants grown in NaCl on both a fresh weight and dry weight basis (Table I ). The fresh weight:dry weight ratio was depressed slightly for both shoots and roots. Leaf Water Relations. The leaf water relations of control and NaCl-grown plants are presented in Table II . Addition of 200 mM NaCl to the nutrient solution decreased its osmotic potential from -0.02 to -0.83 MPa. In the NaCl-grown plants, a decrease in leaf water potential of approximately 1 MPa was associated with a 1.2 MPa decrease in osmotic potential. As a result of this, leafturgor was somewhat higher in the salt-grown plants than in the control plants.
The most obvious morphological changes in the NaCl-grown plants were a reduction in leaf area and an increase in leaf thickness. Both fresh weight and dry weight per unit of leaf area also increased. From the levels of leaf K+, Na+, and Cl- (Table  II) , it was estimated that most of the dry weight increase could be accounted for by the accumulation of NaCl in the leaf. Thus, the ratio of fresh weight to structural dry weight (total dry weight minus weight of K+ + Nae + Cl-) was increased in the saltgrown plants (data not shown). Examination of leaf sections by light microscopy suggested that an increase in cell size rather than cell number was responsible for the increased leafthickness.
The leaves of the control plants contained more than 200 mM (Table III) . The rates of photosynthesis expressed on a fresh weight basis were only 55% of the control as a result of the increased leaf thickness of the saltgrown plants. Because of the lower Chl levels, the rate of photosynthesis per mg Chl was actually slightly higher for the plants grown in NaCl. However, the stomatal conductance was considerably lower than the control plants (Table III) .
Some insight into the photosynthetic capabilities of leaf tissue can also be gained by measurement of Chl a fluorescence. The level of variable fluorescence (from I to P in the transient) and the rise time to P in leaves of salt-grown plants were not different from the control plants (Table III) . There was, however, a consistent increase in the slope after P in the salt-grown plants. This slope reflects the combined effects of quenching of fluorescence by oxidation of Q and by energy-dependent quenching of fluorescence associated with the formation of ion gradients across the thylakoid membrane (13 The ionic composition of the chloroplasts was also determined and from the measured chloroplast volumes it was possible to calculate the concentration ofthese ions in the chloroplast stroma (Table IV) . Chloroplasts from control plants had K+ levels similar to leaf levels (Table II) whereas Na+ and Cl-concentrations were higher in the chloroplast than in the leaf as a whole. The chloroplasts from salt-grown plants had decreased K+ in parallel to the decrease in leaf K+ whereas the increase in chloroplast Na+ (70%) was much less than for leaves. The Cl-in the chloroplasts from salt-grown plants was increased by less than 20% despite an 80-fold increase in leaf Cl-concentration. The Pi content of the chloroplasts from salt-grown plants was de- creased, being less than 50% of that in chloroplasts from control plants.
DISCUSSION
The addition of 200 mm NaCl to the nutrient solution resulted in a considerable decrease in biomass (Table I) (15) . It is obvious from the leaf water relations (Table II) that the plants had osmotically adjusted to the salt stress imposed on them; hence, any changes observed are likely to result from salinity rather than water stress. The high levels of Na+ and Cl-in the leaves of spinach exposed to salt stress shows that this species does not exclude NaCl, as do some salt-tolerant plants (7), but accumulates these electrolytes to provide osmotic adjustment.
Stomatal conductance was decreased by salinity (Table III) in accord with most previous studies (8, 12, 15) . This suggests that leaf photosynthetic rates would have been reduced relative to the controls at normal atmospheric CO2 concentrations. Nevertheless, the photosynthetic potential of the leaves, measured under saturating C02, was not greatly altered by the salt treatment when rates were expressed on a Chl or leaf area basis (Tables III  and IV ). The decrease in photosynthesis on a fresh weight basis has implications for the growth of the plants but is not relevant (Table III) support the notion that the photosynthetic apparatus of the leaves was not greatly impaired by salt treatment. The yield and rise time, both indicators ofthe competence ofthe electron transport chain, were unaffected in the salt-grown plants. Similar results have recently been reported for leaves of grapevine subjected to salt stress under conditions where osmotic adjustment had occurred (6). Changes in fluorescence have been reported following salt treatment of sunflower and bean plants (22) but it was not established whether changes in water relations, which are known to alter the fluorescence yield (6, 9) were also involved. It is not yet clear whether the increased quenching after P observed in salt-grown plants (Table III) is directly related to the photosynthetic capacity of the leaf.
In agreement with measurements on whole leaves, the photosynthetic capacity of chloroplasts isolated from the NaCl-grown plants was also not markedly inferior to those from control plants (Table IV) . The electron transport rate for intact chloroplasts or thylakoids was only slightly less than the control chloroplasts, in agreement with previous results for sunflower (22) . Baker (2) found that high concentrations of NaCl or KCI inhibited electron transport when added to isolated spinach thylakoids. The present results are not inconsistent with these findings since the level of Cl-was only marginally higher in chloroplasts from salt-stressed plants and the increase in Na+ was approximately balanced by a decrease in K+ (Table IV) . This relatively small change in total monovalent ions would not be expected to inhibit electron transport (2, 24). C02-dependent O2 evolution was consistently lower in chloroplasts from salt-grown plants although the magnitude of the decrease depended on assay conditions. The highest rates, obtained when PPi plus Pi were added to the assay medium, were 80% of those for control chloroplasts which suggests that the maximum photosynthetic capacity of the chloroplasts was not drastically reduced in the salt-stressed plants.
In measuring the ion contents of isolated organelles, there is always the possibility of errors resulting from breakage of the organelles, from contamination, or from leakage of ions during isolation. We have attempted to minimize contamination and breakage of plastids by rapid purification on a Percoll gradient. The chloroplasts isolated from both control and salt-stressed plants were highly intact based on FeCN penetration and had relatively high sorbitol-impermeable spaces (Table IV) , indicating retention of envelope membranes with low permeability to small molecules. Although some leakage may have occurred during isolation, the fact that ions were retained in the plastids against considerable concentration gradients suggests that the envelope membranes were also relatively impermeable to these ions. Repeated washing of isolated chloroplasts did not alter the Na+ and C1-content of the chloroplasts (Robinson and Downton, unpublished) demonstrating that these ions do not readily leak out of the plastids. The photosynthetic competence of the chloroplasts supports the notion that loss of stromal contents during isolation must have been minimal.
The ionic composition of isolated chloroplasts was not the same as that in the whole leaf (Tables II and IV) suggesting compartmentation of these ions within the cell. The chloroplasts from control plants accumulated Na+ and Cl-to match higher concentrations than the rest ofthe cell whereas the concentration of K+ was similar to that in the leaf as a whole. The level of C1-in chloroplasts from salt-grown plants was only slightly increased despite the large increase in leafCl-suggesting that the additional Cl-in the leaf was restricted to the vacuole. The replacement of K+ by Na+ in leaves was also apparent in chloroplasts but, as with Cl-, the major part ofthe Na+ increase in salt-stressed leaves was probably a result of increased vacuolar levels. In the chloroplast, the increase in Na+ was balanced by decreased K+ such that the total monovalent cations remained unchanged. Replacement of K+ by Nae in the leaf is observed in response to salt treatment in many species (17) but the present results demonstrate that replacement also occurs in the chloroplast.
As a response to increased salinity, it has been suggested that some of the more tolerant plants accumulate Na+ and Cl-for osmotic adjustment but that these ions are at least partially excluded from the cytoplasm where they may inhibit metabolic function (3, 7, 10). The 
